Abstract
Introduction

40
Muscle regeneration after myonecrosis occurs in three sequential and interrelated phases: inflammation, 41 regeneration, and remodeling (Carosio et al., 2011) . Initially, cellular damage is associated with the entry of 42 extracellular calcium that induces a series of degenerative events, including hypercontraction, mitochondrial 43 alterations and the activation of calcium-dependent proteases, leading to necrosis of the myofibers (Carosio 44 et al., 2011; Turner and Badylak, 2012) . Moreover, the disruption of the sarcolemma results in an increase in 45 serum levels of creatine kinase (CK), a protein normally restricted to the myofiber cytosol (Karalaki et al., 46 2009). The presence of necrotic fibers activates the inflammatory response and then an influx of specific cells 47 of the immune system occurs in the damaged muscle (Carosio et al., 2011) . Inflammation is a critical 48 component of the regenerative process (Carosio et al., 2011) . Injured muscle fibers activate the synthesis and 49 release of a plethora of signaling molecules into the extracellular space, and these mediators induce the 50 sequential attraction and activation of diverse cell populations that promote muscle regeneration (Tidball, 51 2011; Karalaki et al., 2009 ). The vascular network has an important role in skeletal muscle regeneration as it 52 has an impact on the distribution of recruited inflammatory cells, regeneration-related factors (growth factors, 53 cytokines, chemokines), as well as nutrients. Therefore alterations in vascular integrity can affect the 54 regenerative process (Gutiérrez et al., 2018) . 55
56
Muscle regeneration begins with the activation of satellite cells (SC) that reside on the surface of muscle 57 fibers (Tidball, 2017) . Following muscle damage, some SC proliferate and differentiate whereas others return 58 to quiescence as reserve population of myogenic cells (Tidball, 2017) . Postmitotic precursor cells derived 59 from activated SC then form multinucleated myotubes and proceed through a stage of regeneration that is 60 dominated by terminal differentiation and growth (Tidball, 2017) . When the formation of contractile muscle 61 fibers is complete, the size of the newly formed myofibers increases and the nucleus is displaced to the 62 periphery of the fiber (Karalaki et al., 2009) . MCP-1 was determined in a similar schedule as reported in other muscle injuries models (Tidball, 2008 , 198 Tidball, 2011 , Tidball, 2017 ). Groups of 6 mice were injected with C. perfringens JIR325 or with sterile PBS 199 in the left gastrocnemius, and sacrificed 6 h, 1, 2, 3 and 6 d post-infection. The left gastrocnemius muscles 200 were rapidly dissected out and ground under sterile conditions. Total RNA was extracted using 201 TRIzol®Reagent (ambion, Invitrogen), according to the manufacturer's instructions and quantified using a selected primers to assess inflammatory-response-specific genes PCR are listed in Table 1 . Genes used as 208 reference genes were the housekeeping genes gliceraldehide-3-phosphate dehydrogenase (GAPDH), RNA-209 binding protein S1 (RNSP1) and the ribosomal protein L13A (RPL13A) (Piller et al., 2013) . The cycle 210 number at which the reaction crossed an arbitrarily placed threshold (Ct) was determined, and the relative 211 expression of each gene regarding the mean expression of control genes was described using the equation 2-212 Ct where Ct = Ctgene−Ctcontrol genes (mean) and Ct =Ctmice+C. perfringens −Ctcontrol mice 213 (mean) (Livak and Schmittgen, 2001 ELISA at times in which their expression had been reported in other muscle injuries (Tidball, 2008 , Tidball, 220 2011 , Tidball, 2017 ). Groups of 6 mice were injected intramuscularly in the left gastrocnemius with C. 221 perfringens JIR325 or with sterile PBS. At various time intervals (6 h, 1, 2, 3 and 6 d), mice were killed and 222 the injected gastrocnemius were dissected out, frozen with liquid nitrogen and homogenized in a sterile 223 pyrogen-free saline solution with Complete EDTA-free proteases inhibitor (Roche Diagnostics). Muscle 224 homogenates were centrifuged and the supernatants were collected and stored at -70°C. IL1β, TNFα, INFγ, 225 IL4 and IL10 were quantitated using ELISA kits of R&B Systems (USA), while IL6 and TGFβ1 were 226 quantitated using ELISA kits of eBioscience (San Diego, CA, USA), according to the manufacturer's 227 instructions. Lef gastrocnemius muscles of healthy mice injected with sterile PBS were used as controls.
229
Quantification of inflammatory cells 230 231
In order to detect different inflammatory cells, groups of three mice were injected with of C. perfringens 232 JIR325 or with sterile PBS (negative controls), and sacrificed during the acute (1, 3, 5, and 24 h post infection) 233 and the chronic phase (3, 5, 7 and 14 d post infection). Injected muscles were dissected out and embedded in 234 paraffin, as described previously. For each muscle, three non-consecutive sections of 4 µm were obtained 235 and were placed in positive charged glass slides, deparaffinated in xylene and hydrated. Sigma, USA) in a final concentration of 0.5 μg/mL. Capillary vessels were defined as round and hollow 278 structures, localized in the periphery of muscle cells, and having a diameter of 12 μm maximum. Samples 279 were analyzed with an OLYMPUS BX51 microscope and images from the total area of each histologic 280 section were captured using an Evolution MP (Media Cybernetics, USA). The number of capillary vessels 281 was determined in total muscle sections and the ratio of capillary vessels/mm 2 and capillary vessels/muscle 282 fibers were calculated using the Image Pro 6.3 software (Media Cybernetics, USA). 
Statistical analysis 305 306
Data were analyzed by the statistics softwares IBM®SPSS Statistics® and GraphPad Prism version 5.00 for 307
Windows. CK, PCR-RT and ELISAs were analyzed using Kruskall Wallis test and Dunn test as posthoc 308
analysis. For analysis related to muscle regeneration process, area, muscle fibers, capillary vessels and nerves 309 quantification, and the Mann-Whitney U test was used. 310
Results and Discussion 311 312
A sublethal inoculum of C. perfringens induces myonecrosis 313 314 C. perfringens is an anaerobic bacterium that induces gas gangrene, a devastating disease characterized by 315 severe myonecrosis. Gas gangrene often occurs when vegetative or bacterial spores infect traumatic or 316 chirurgical wounds and proliferate. We have previously shown that an intramuscular inoculum of 6×10 8 317 CFU of C. perfringens induces myonecrosis, as evidenced by a rapid release of CK into the circulation 318 (Monturiol-Gross, 2012). In this work, it was found that an inoculum of 1x10 6 CFU of this bacterium also 319 induces a significant increase in plasma CK 5 h after infection (p<0.01), although at 24h postinfection the 320 plasma CK activity showed no significant difference compared to controls (Fig. 1A) , indicating that the 321 infection was controlled by the immune system and that the process of myonecrosis was limited in time. 322
Histological analysis of the infected muscle showed areas of myonecrosis characterized by hyaline 323 myofibrillar material and hypercontraction of myofibers since 5 h post infection (Fig. 1B) . Bacterial 324 aggregates were evident between the muscle fibers whereas the inflammatory infiltrate was distributed in a 325 non-homogeneous way in the muscle, without accumulation of PMN inside the venules (Fig. 1B) . 326 Accordingly, it was previously reported that the inhibition of chemotaxis at the site of infection by C. 327 perfringens depends on the size of the inoculum, and thus a sublethal inoculum does not effectively inhibit 328 the inflammatory infiltrate into the infected muscle; moreover, the immune system is able to control the 329 To characterize the process of muscle regeneration, a histological analysis of the infected muscles was 335 performed 7 d post infection. At this time, the presence of regenerative myofibers, characterized by central 336 nuclei (Fig. 2) , near or within a fibrous matrix, was observed. In addition, cellular detritus from necrotic 337 fibers had not been removed despite the presence of an inflammatory infiltrate even at 14 and 30 d post 338 infection (Fig. 2) . 339
340
Due to the presence of regenerative cells, cell debris and fibrotic areas, regeneration and necrosis areas were 341 quantified at 14 and 30 d after muscle injury (Fig 3A) . At 24 h post infection the area of myonecrosis was 342
48.33 ± 6.5% of the total area of the muscle (initial lesion); at 14 d the percentage area corresponding to non-343 regenerated muscle was 22.12 ± 4.5%, while only 27.9 ± 5.3% of the muscle (Fig. 3A) was occupied by 344 regenerating muscle fibers, hence evidencing a deficient muscular regeneration process. 345
346
Although a portion of the damaged muscle was regenerated, when determining the size of the regenerative 347 fibers it was observed that it differs significantly from the size of the fibers in control muscles at 30 d (Fig.  348   3B) . While in the controls 44.5 ± 2.8% of the fibers had a diameter between 30-39 μm, in the muscles infected 349 with C. perfringens 48.1 ± 5.4% of the fibers had a diameter between 10-19 μm. Moreover, 5.0 ± 2.4% of the 350 regenerative cells in the infected muscles corresponded to fibers with a small diameter between 1-9 μm, 351 indicating poor regeneration (Fig. 3B) . quantitative analysis at 30 d, the control showed only 3.1 ± 0.5% of collagenous material in the total area, 358 while in the muscles infected with a sublethal inoculum of C. perfringens, 23.5 ± 5.6% of the muscle 359 corresponded to collagen deposition, which represents a significant difference between both groups (p <0.05) 360 (Fig. 4B) . Thus, the poor muscle regenerative outcome in this model correlates with an increased collagen 361 deposition, underscoring the substitution of muscle fibers by a fibrotic matrix. To determine whether the infection with C. perfringens damages the vasculature, an immunostaining was 366 performed with antibodies specific for the endothelial growth factor receptor Flk-1. At 6 h after the infection, 367 a decrease in the number of capillary vessels was evident, and approximately 75% of the vessels were 368 damaged 24 h after the infection with a sublethal inoculum of C. perfringens (Fig. 5A) . The lack of capillary 369 vessels was observed mainly in areas of myonecrosis 6 h and 1 d after the infection; in addition, the structures 370 that showed a positive staining signal in these areas were smaller than those of the control samples, 371 highlighting that they were probably non-functional capillary vessels or endothelial cell debris (Fig. 5A) . 372
373
When the capillary vessels were quantified by area of tissue, the control showed an average of 805.3 ± 43.8 374 capillaries per mm 2 , while in the muscles affected by C. perfringens the number decreased significantly to 375 201.3 ± 51.5 capillaries per mm 2 at 6 h (p<0.05) and 203 ± 52.9 capillaries per mm 2 at 24 h post infection 376 (p<0.05) (Fig. 5B) . Similar results were obtained when reporting the ratio of capillaries per muscle fiber, 377 while the control showed an average of 1.14 ± 0.13 capillaries per muscle fiber, in the infected muscles the 378 average significantly dropped to 0.37 ± 0.09 at 6 h ( p<0.05) and to 0.30 ± 0.05 at 24 h post infection (p<0.05) 379 (Fig. 5C) . 380
381
Despite the significant decrease in the density of capillary vessels in early times after infection, at 30 d there 382
were no significant differences in the number of capillaries per area or muscle tissue when compared to the 383 controls (Figs. 5B and 5C), and they were evident even in the fibrotic tissue (Fig. 5A) , suggesting a 384 revascularization process. However, it is likely that the early disruption of the microvascular network in the 385 infected muscle affects the process of regeneration, since key steps in muscle regeneration requiring an intact 386 vascular supply occur within the first hours after myonecrosis. Muscle healing is critically affected by the 387 ischemia associated with a deficient blood supply (Kotwal and Chien 2017) . The most critical consequence 388 of ischemia is a decrease in cellular energy supply (Kotwal and Chien 2017), as energy is required for every 389 aspect of the wound-healing process such as protein synthesis, cell migration and proliferation, membrane 390 transport, and growth factor production (Kotwal and Chien 2017). In these circumstances, the observed 391 revascularization process may have occurred at a time when the muscle regenerative process had been already 392
impaired. 393 394
Regarding the alteration of the nerves in the muscle, the antibody used against the neurofilament of the axons 395 allowed their detection by immunofluorescence (Fig. 6A) . A decreased number of nerves was observed 3 d 396 after infection with C. perfringens (1.66 ± 0.27 nerves per mm 2 ), when compared with the control (3.16 ± 397 0.11 nerves per mm 2 ) (p<0.05) (Fig. 6B) . In addition, a decreased number of axons within the nerves was 398 observed (Fig. 6A) ; while in the control muscle the average was 17.03 ± 1.28 axons per 1000 μm 2 , in the 399 affected muscles it decreased significantly to 6.72 ± 1.07 axons per 1000 μm 2 (p<0.05) (Fig. 6C) . Despite the 400 damage observed 3 d post infection, when the samples were analyzed 30 d after muscle injury no significant 401 differences were found in relation to the controls for the number of nerves per area nor for the number of 402 axons per 1000 μm 2 (Fig. 6C) . Hence, a reinnervation process ensued in the muscle after the initial damage. determined by RT-PCR and ELISAs (Fig. 7) . Furthermore, the expression of PMN (MIP2 and KC), and 410 macrophage (MCP-1) chemoattractant cytokines was also analyzed (Fig. 8) . 411
412
A significantly increased expression of mRNA for IL1β and IL6 was observed 6 h post infection when 413 compared to controls, which lasted up to at least 48 h (p<0.01) (Fig. 7A) . The expression of TNFα also 414 showed a significant increase from 6 h on (p<0.05) and remained elevated for at least 48 h post infection 415 (p<0.01) (Fig. 7A) . Furthermore, a significant increase in the expression of IL10 was observed in comparison 416 to controls from 1d (p<0.01) up to 6 d (p<0.05), reaching a maximum peak 24 h after infection with the 417 bacteria (p<0.01) (Fig. 7A) . When immunoassays were carried out to quantify various cytokines in the 418 muscle, confirmatory results were obtained since IL1β remained high for at least 48 h post infection, IL6 419 increased significantly from 6 to 48 h post infection (p<0.01), reaching maximum level at 6 h, while the 420 TNFα reached a maximum level 48 h post infection (p<0.01). In contrast, IFNγ showed only a significant 421 increase at transcriptional level 6 h post infection (p<0.01), but not at the protein level (data not shown). 422
423
There was not a significant difference in the expression of IL4 between infected mice and controls, whereas 424 for IL13, there was a significant difference only at 6 d post infection (p<0.05) (data not shown). On the other 425 hand, IL10 showed a significant increase 2 d after infection (p <0.05) and the amount of protein remained 426 slightly higher than controls until 6 d (Fig.7B) . 427
428
The chemokines MIP2 and KC showed a significant increase in expression in comparison with controls from 429 6 h to 48 h post infection with a sublethal inoculum of C. perfringens (p<0.01) (Fig. 8) . KC highest expression 430 occurred 6 h post infection (maximum peak) and remained high even at 48 h. MCP-1 highest expression 431 occurred 6 h post infection, although it decreased 24 h post infection and increased again at 48 h; its 432 expression was significantly higher than that observed in the controls in all the evaluated times (Fig. 8) . 433
434
Because the TGFβ1 has been associated with fibrosis in the process of muscle regeneration, its gene 435 expression and protein concentration were analyzed. A bimodal behavior was shown for TGF β1 both at the 436 transcriptional and protein levels. When the relative mRNA expression was analyzed, a significant increase 437 was observed one day after infection (p<0.05) in relation to the control, its expression decreased at 2 d but 438 increased again at 3 d (p <0.01), remaining elevated at least until 6 d post infection (p <0.05) (Fig. 9A) . 439
440
At the protein level, a significantly higher amount of TGFβ1 was detected in the infected muscle when 441 compared to the control 1 d after infection (p<0.01), and although there was a decrease at 3 d, the protein 442 concentration remained elevated 6 d post infection in the infected muscles, as compared to the controls 443 (p<0.05) (Fig. 9B) . Thus the increase in TGF1 correlates with the poor regeneration found after the infection 444 with a sublethal dose of C. perfringens. This fits with the known role of this mediator which favors collagen 445 deposition, i.e. fibrosis, and inhibits myogenic cell differentiation. 446
447
A sublethal inoculum of C. perfringens alters the influx of PMN and macrophages to the infected muscle 448 449 PMN are the first cells that reach the muscle after a myonecrosis, and are followed by M1 and M2 450 macrophages before the resolution of muscle damage (Tidball, 2017) . In injuries induced by a lethal inoculum 451 of C. perfringens, the absence of inflammatory cells in the infected muscle and the presence of PMN attached 452 to the endothelium due to the overexpression of adhesion molecules has been reported (Stevens and Bryant, 453 2002). However, when using a sublethal inoculum of this bacterium, an inflammatory infiltrate was observed 454 in the muscle, with the presence of PMN, both aggregated and dispersed in the necrotic muscle (Fig. 10A) . 455
The presence of PMN was evident 5 h after infection (Fig. 10A) , when they reached a number of 505.2 ± 38 456 cells per mm 2 (Fig. 10B) . dystrophies, muscle loss due to aging is likely caused by a prolonged inflammatory response, characterized 501 by a higher expression of IL-1β. If the M1 response lasts too long, the new tissue is highly fibrotic, leading 502 to a decreased function. In myonecrosis induced by a subletal inoculum of C. perfringens altered muscle 503 regeneration was observed in association to both a delayed recruitment of macrophages at the site of infection 504
and an altered production of cytokines. 505
506
After infection with a sublethal inoculum of C. perfringens, a significant increase in the gene expression level 507 of IL10 in the muscle was observed from 1 d (maximum peak) to 6 d after infection, and at the protein level 508 since 2 d (maximum peak) (Figs. 7A and B) . Although no significant changes were detected in the expression 509 of IL4, for IL13 an increase in gene expression level was observed after 6 d (data not shown). The influx of 510 both M1 and M2 macrophages into the infected muscle was observed since the first day post infection. The 511 presence of M1 macrophages in the infected muscle was scarce, having its maximum peak by 3 d whereas 512 M2 mecrophages were more abundant than M1 in the infected muscle, having its maximum peak by 7 d and 513 remaining high even after 14 d (Fig. 11B) . The altered arrival of M1 and M2 macrophages into the infected 514 muscle after infection in our model is likely to alter the muscle regeneration process. 515
22
When analyzing the arrival and permanence of the different cell populations using a sublethal dose of C. 517 perfringens vis-à-vis the typical inflammatory response reported in the literature (Fig. 12) , there is a 518 prolongation of the inflammatory response in the C. perfringens model. The PMN remain in the infected 519 muscle up to 5 d, which is complemented with a high expression of proinflammatory cytokines for up to at 520 least 2 d. In addition, there is a limited arrival of M1 macrophages which remain within the infected muscle 521 for longer time span than expected. It is proposed that given the absence of IFNγ in the acute phase of 522 infection, the number and activity of M1 macrophages were affected. One possible explanation for this could 523 be an altered function of PMN due to the direct effect of C. perfringens toxins in these cells. It has been 524 necrotic muscle fibers, which serves as a scaffold and substrate for regeneration (Gutiérrez et al., 2018) . 537 Impairment of any of these contributory factors results in a defective muscle regeneration. 538
539
The importance of blood flow lies, on one hand, in the inflow of inflammatory infiltrate to the site of the 540 lesion and, in addition, to the provision of oxygen and nutrients and ATP to the regenerating muscle. When 541 vascular density was analyzed after an infection with a sublethal inoculum of C. perfringens, it was observed 542 that the microvasculature is affected in the first hours after infection, a time that coincides with the arrival of 543 PMN, the first inflammatory cells present in the infected muscle. Although the presence of the inflammatory 544 infiltrate is evident, the vascular damage and the direct effect of CpPLC and PFO on cells of the immune 545 system can affect the migration of inflammatory cells to the area of damage, which results in the deficient 546 removal of necrotic debris. Thus, the combination of a direct inhibitory action of C. perfringens toxins, added 547 to the disruption of the microvascular network, is likely to affect the timely arrival of inflammatory cells. It 548 has been reported that disturbances that affect the removal of dead cells delay the process of muscle 549 regeneration (Tidball, 2017; Zhao et al., 2016) . This may be due to the fact that the persistence of cellular 550 debris becomes a physical obstacle for muscle regeneration. 551
552
Another consequence of the damage to the vascular system in the regenerative process is the limitation in the 553 available oxygen, which is critical for muscle healing. Hypoxia can also promote the proliferation of bacteria 554 and the further development of gas gangrene, hence generating a vicious cycle (Flores-Diaz and Alape Girón, do not reach their maturity. In the model, although the density and structure of the nerves were affected with 568 a sublethal inoculum of C. perfringens 3 d after infection, innervation was recovered at 30 d (Fig. 6B) . 569
Consequently, innervation does not appear to be a cause of poor regeneration after muscle damage generated 570 by C. perfringens. However, the question remains as to whether C. perfringens toxins induce damage at the 571 synaptic level and neuromuscular transmission, as has been reported for the lethal toxin of Clostridium 572 sordelii (Barbier et al., 2004) . For a successful muscle regeneration process, scaffolding is required to 573 maintain the position of the muscle fibers. 574
575
The processes of muscle necrosis and regeneration involve a complex turnover of the extracellular matrix, 576 which is determinant for an effective regenerative response. The process of matrix deposition after 577 myonecrosis, although initially beneficial, affects the regenerative process if it continues without control, 578 resulting in the permanent accumulation of collagen around the myofibers, which may even lead to muscle 579 replacement by fibrous tissue (Serrano and Muñoz-Cánoves, 2010). Fibroblasts contribute to the formation 580 of fibrous muscle by the production and accumulation of components of the extracellular matrix, such as 581 hyaluronic acid, fibronectin, proteoglycans and interstitial collagens (Serrano and Muñoz-Cánoves, 2010) . 582
When the histological sections of animals infected with a sublethal inoculum of C. perfringens were analyzed, 583 it was observed that at 30 d, almost 25% of the muscle area corresponded to collagen accumulated in areas 584 where the regenerative process was deficient (Fig. 4) . This may be associated with the overexpression of 585 some mitogenic chemokines and cytokines, produced by macrophages and PMN, which are also involved in 586 the mechanism of fibrogenesis. It has been reported that MCP-1 is a profibrotic mediator, whose 587 neutralization reduces the extent of fibrosis (Deshmane et al., 2009; Wynn, 2008) . 588
589
Experimental models of fibrosis have documented potent antifibrotic properties for cytokines associated with 590 the Th1 response such as IFNγ (Wynn, 2008) ; thus, the absence of this cytokine in our study model could be 591 associated with overproduction of extracellular matrix. On the other hand, IL10 and TGFβ activate a 592 subpopulation of M2 macrophages that promotes the deposition of extracellular matrix and fibrosis in 593 different pathogenic conditions (Serrano and Muñoz-Cánoves, 2010; Tidball, 2017) . TGFβ has been 594 associated with the development of fibrosis in a number of diseases as it is one of the main activators of 595 macrophages and fibroblasts; of the three isotypes of TGFβ in mammals, muscle fibrosis is mainly attributed 596 to the TGFβ1 isoform (Yoshimura et al.2010; Wynn, 2008) . In this work an increase of TGFβ1 was evidenced 597 both in early and late time intervals (Fig. 9) , and hence may be related to the collagen accumulation evidenced 598 
